The use of photosensitive materials for the development of integrated, refractive-index structures supporting telecom, remote sensing, and varied optical beam manipulation applications is well established. Our investigations of photosensitive phenomena in polysilanes, however, have been motivated by the desire to configure, or program, the photonic device function immediately prior to use. Such an operational mode imposes requirements on wavelength sensitivity, incident fluence and environmental conditions that are not typical of more conventional applications of photosensitive material. The present paper focuses on our efforts to understand and manipulate photosensitivity in polysilane thin films under different excitation wavelengths, local atmospheric compositions and thermal history in this context. We find that the photoresponse can be influenced through the control of such optical exposure conditions, thereby influencing the magnitude of the photoinduced refractiveindex change attained.
INTRODUCTION
Fiber-based photosensitive Bragg gratings have found a broad application base in the telecommunications sector and as an essential element in remote sensing devices. A materialsbased understanding of the origins of photosensitivity, defined here as a photoinduced stable (permanent) change in the material's refractive index, has fundamentally impacted the ability to fabricate such devices. Efforts to expand the use of photo-imprinted optical devices into integrated photonic architectures require the optimization of photo-induced refractive index changes while providing enhanced materials and process compatibility with the dissimilar materials structures characteristic of photonic integrated circuitry. Pursuit of broadly tailorable materials structures and physical properties to achieve these goals has spurred the evaluation of planar structures based on both engineered inorganic materials with strong photosensitivity [1] [2] [3] and on the photosensitive response of select organic and molecular hybrid materials [4] [5] [6] .
In conventional applications of photosensitivity, photowritten architectures are typically fabricated in the laboratory and/or manufacturing environment where optimization of the photowriting process generally focuses on utilizing an appropriate, large-scale, high-power laboratory laser source to expose prepared photosensitive materials. In this context, the basic refractive index patterning paradigm is based on the optical processing of materials prior their introduction into the application environment. Hence, devices are fielded with pre-determined optical performance characteristics, e.g. beam propagation direction and frequency response.
An alternative strategy involves the formation of photosensitive devices immediately prior to their use, i.e. with photopatterning occurring in the application environment. Such an approach has the advantage that device functionality can be left ambiguous during the manufacturing stages and then tailored, in the field, to desired performance characteristics at the time of actual use. This unique application strategy moves material photoprocessing outside of the laboratory or the manufacturing environment, and, as a result, places new requirements on material optical properties and photoinduced behavior. One framework for optical systems utilizing an immediately-configurable device component would rely upon an integrated solid-state optical source, a pattern generator, and a photoactive material. In such a configuration, compatibility of the material with the optical source and writing environment becomes a primary concern. In this context, the material's wavelength sensitivity and energy requirements (i.e. writing efficiency) as well as the impact of local environment on the intrinsic photosensitive mechanisms producing the refractive index change must be understood and properly engineered.
The present work describes an overview of ongoing efforts in our laboratories to examine hybrid molecular materials systems in the context of an in-situ device formation strategy. Photosensitive, linear-chain inorganic polymers based on Si with alkyl and aryl side-groups are examined. In these polysilylene-based materials, the established photosensitive mechanism involves photoscissioning of the σ-bond conjugated linear-chain Si backbone. Photoprocessing of polysilylene thin films has resulted in refractive index modifications of up to -0.14 (at 632.8 nm) after UV-irradiation [4] [5] [6] . The scissioning process disrupts the bond conjugation and results in the bleaching of the UV-absorption band arising from the σ−σ* transition associated with this structure and the subsequent formation of a variety of molecular products including bridging, cyclic, and oligomeric moieties. [7] [8] [9] We have investigated both the efficacy of molecular engineering of a series of silane-based hybrid materials, as well as the impact of exposure conditions on the photosensitive response to more fully evaluate the potential application of these materials for rapid, in-situ optical patterning. Specifically, we examine molecular modifications designed to produce a red-shift in the wavelength sensitivity for enhanced compatibility with integrable, solid-state optical sources while confirming the retention of the ensuing photosensitive response under both lower photon energy excitation and varied atmospheric composition and thermal history. The work focuses on a model polysilane system (poly[(methyl)(phenyl)silylene]) that provides insight into the general effects anticipated for this family of σ−bond conjugated, linear-chain materials.
EXPERIMENTAL SETUP
Poly(alkyl)(phenyl)silanes [1] [2] [3] were prepared under inert atmosphere by Wurtz-coupling of the appropriate dichlorosilane precursor, which had been distilled under vacuum immediately prior to use.
Typical reaction conditions include the addition of neat dichlorosilane into a 2.2-fold excess of rapidly stirred sodium sand in refluxing toluene solvent. The brown/purple reaction mixture was carefully quenched using isopropyl alcohol until all traces of excess sodium were gone. The purple reaction mixture was added to an equal volume of water and extracted to remove NaCl byproduct and any soluble base derived from the IPA quench. Fractionation of the resulting toluene solution into methyl alcohol resulted in the isolation of high molecular weight polysilane as white or slightly off-white solid, whose structure was confirmed by multinuclear (1H, 13C, 29Si) NMR analysis and whose molecular weight was determined by GPC analysis (vs. polystyrene standard).
Thin films of silylene polymer material were deposited by spin coating. A 6-7 wt% solution of polymer in toluene was produced under low light conditions and dispensed through a 2.7 micron syringe filter onto a 1" x 1" fused silica substrate. Typical film deposition conditions involved a spin speed of 2500 rpm for 30 seconds prior to annealing on a 155 ˚C hot-plate in air for 10 minutes. Thin films for a majority of the optical absorption and ellipsometric studies discussed here were produced with an average thickness of 300 nm ± 30 nm as measured by stylus profilometry and confirmed by ellipsometry at 632.8 nm.
The ultraviolet (UV)-photosensitive response of the silane-containing films was monitored as a function of cumulative incident fluence and/or environmental conditions using UV-Visible optical absorption spectroscopy (double-beam, Perkin-Elmer Lambda 9 spectrophotometer), and ellipsometry (λ = 632.8 nm). As-deposited spectra were compared to those obtained after exposure to the output from a pulsed nitrogen laser (λ = 337.1 nm, pulse energy = 0.45 mJ/cm2/pulse, pulse length = 800 ps, rep. rate = 5 Hz) or a KrF excimer laser (λ = 248 nm, pulse energy = 0.5 mJ/cm2/pulse, pulse length = 20 ns, rep. rate = 5 Hz). Photosensitive studies typically involved iterative cycles of UV-exposure and spectroscopic evaluation until the changes in absorption spectra or refractive index were observed to saturate.
The effects of local environment (atmospheric composition and thermal history) on the thin film photoresponse were investigated using a series of poly[(methyl)(phenyl)silane] (PMPS) thin films. To evaluate the influence of atmospheric composition on the photowriting process, thin film samples for UV-exposure were placed in a stainless-steel, controlled-atmosphere chamber equipped with fused silica windows for optical access. In the present study, the photoresponse of PMPS films in air, oxygen, nitrogen and 5% H2/95% N2 atmospheres were compared. Prior to optical exposure the chamber was provided a 5 minute purge using the appropriate gas or gas mixture at an elevated flow rate (allowing at least 7-8 chamber volume replacements). During exposure, a flow rate of approximately 10 mL/min was maintained. The sample was removed from the chamber for UV-Vis and ellipsometry measurements. In a separate study, the optical absorption characteristics of both asdeposited and UV-exposed PMPS films were monitored as a function of temperature during an isochronal anneal study (soak time = 15 minutes, under a dry nitrogen environment). UV-Vis optical absorption spectra were obtained from films iteratively treated at increasing temperatures between 40 ˚C and 400 ˚C.
RESULTS AND DISCUSSION
Photobleaching studies on the solid polysilylene films were conducted in air at room temperature using 248 nm coherent light from a Kr-F laser source. Analysis of the exposed film region by UV-Vis spectroscopy confirmed photodegradation of the poly(phenylsilylene),for example, as seen by the dramatic decrease in absorption intensity at all wavelengths (Fig. 1) . This behavior was characteristic of all of the polysilane materials investigated, independent of the nature of the alkyl substituent. In all cases, a significant decrease in O.D. was seen after 100 mJ/cm 2 total fluence; total bleaching of this signal was complete at 1 -10 J/cm 2 . The direct correlation of the decrease in optical absorption with refractive index as predicted from theory (Kramers-Kronig) was confirmed experimentally. Ellipsometry measurements conducted on the exposed films at intermediate dosages indicate a large negative ∆n response to laser exposure, as seen for poly(phenylmethylsilylene) (Fig. 2) . It should be noted that the magnitude of the refractive index change surpasses that of traditional inorganic photosensitive (germanosilicate) glass by more than an order of magnitude (-0.14 vs. ~1x10 -3 ) 2 at a fraction of the total fluence. While the characteristic UV bleaching behavior observed in Figure 1 was representative of all the materials examined in our study, it should be noted that the magnitude of the photo-induced refractive index change was significantly enhanced in the materials in which we modified the sidegroup identity. In the case of the poly(phenylsilylene) films, ∆n was both calculated and measured via ellipsometry to be approximately -0.03 as compared to -0.14 in the poly(methylphenylsilane) films. The effect of alternate substituents (i.e. ethylphenyl or n-propylphenyl) resulted in the same approximate magnitude of photo-induced refractive index change as for the methylphenyl system. Interestingly, the particular absorption band shape for each material examined was greatly influenced by such structural modifications providing an opportunity for wavelength tunability of photobleaching for enhanced compatibility with integrable sources. The effects of sidegroup modification on the UV spectra can be seen by comparing the data in Figure 3 with that in Figure 1 . Polysilylenes derive their unusually low energy absorption from the conjugation of Si-Si bonding orbitals; 10 the effect is delocalization of the σ-bonding electrons of the polymer's backbone, much in the way that extended π-conjugation in organic polyenes results in their UV absorption properties; the result is a gradual decrease of the HOMO-LUMO energy gap with increased conjugation length. Factors which influence the position of the λ max in this class of materials include the polymer's molecular weight, 11-13 the degree to which extended polymer chain segments adopt an all-trans conformation, 9 the surrounding medium (i.e. solvent polarity for solution-based systems) and the nature of the side chain substituents bound to the catenated silicon backbone. 14, 15 Under intense UV exposure, polysilylenes undergo photoscission of the all-silicon backbone; the resulting products include linear oligosilanes, oligomeric cyclosilanes and (under aerobic atmosphere) oligosiloxanes. It was this characteristic photochemical property, and concomitant photobleaching behavior, which led us to consider whether polysilanes were suitable materials for writing refractive index structures, as suggested by the Kramers-Kronig relationship. As stated above, variation of the sidegroup identity of the silane films resulted in substantial modifcations the shape of the characteristic optical absorption spectrum of the samples. The appearance of a photobleachable long wavelength peak in the PMPS films indicates an opportunity to address these materials with longer wavelength sources (with an eye towards compact integrable diode sources). In order to investigate the impact of optical exposure wavelength on the maximum attainable photoinduced refractive index modification, samples of PMPS were irradiated at both 248 nm and at 337 nm for comparison. This data is shown in Figure 4 below. In the left-hand figure it can be seen that exposure of the films to 248 nm radiation resulted in a complete bleaching of the UV absorption-band structure, indicating that the optical radiation was effective in disrupting both the backbond Si-Si σ−σ * conjugation (338 nm) and the phenyl sidegroup π−π * absorption (282 nm and shorter wavelengths) 17 . This is in contrast to the sample irradiated at 337 nm shown in the right-hand figure. In this case, only the long wavelength bands are impacted by the optical exposure indicating that the major contribution to the induced refractive index is based on changes in Si-Si backbone conformation. The effect of this difference on bleaching characteristic had a notable impact on the maximum induced refractive index change observed in the films. For the samples irradiated at 337 nm a ∆n of -0.08 was measured. While this value is not as large as that obtained for the 248 nm exposure conditions, it is still significant and well above that needed for the formation of a broad range of refractive-index based device structures, making this materials a reasonable candidate for in-situ device patterning strategies. In addition to examining the impact of writing wavelength on photosensitivity in our materials, we also investigated the impact of atmospheric considerations on photosensitivity in representative PMPS films. Generally, no significant effect on the spectral characteristics of UV-bleaching was observed in the PMPS samples exposed under varied aerobic and anaerobic environments. However, the incidentfluence dependence of the absorption change and its saturated value was markedly influenced by local Figure 5 , the change in integrated absorbance for the low energy peak (335 nm) of the PMPS absorption spectrum is observed to decrease more rapidly with fluence at 337.1 nm when the material is under aerobic conditions. A difference in residual integrated absorbance of nearly 50% after 500 mJ/cm 2 incident fluence is observed. Figure 6 contains the corresponding refractive index change measured at 632.8 nm. The effect of atmosphere here is more pronounced with a difference in saturated photoinduced index change of nearly 45% observed between aerobic and anaerobic environments 5 It is apparent from Figures 5 and 6 that the local ambient atmospheric conditions have a significant influence on both the fluence dependence and saturated magnitude of the photoinduced refractive index change. Under aerobic conditions, the bleaching of the σ−σ* resonance occurs more rapidly with incident fluence than that observed under anaerobic atmospheres. Interestingly, the common absorbance magnitude of this transition (centered at 338 nm or 3.68 eV) between the two atmospheric types at higher accumulated fluence levels is not mirrored in the saturated refractive index changes exhibited. Thus, the refractive index changes are not solely dependent upon the degree to which the Si-backbone conjugation can be disrupted in the material (as indicated by the bleaching of the σ−σ* resonance peak in the UV-Vis spectra). The structural products formed after photoscissioning (as confirmed by FTIR 18 ) also have an impact on the evolution of the index change. In this case, the atmospheric composition is shown to modify the formation of different structural moieties in the photoscissioned polymer; aerobic conditions favor the formation of siloxane bridging bonds (as anticipated from previous work [16, 23] ) while anaerobic conditions suppress this effect in favor of a greater number of terminating structures, i.e. hydrides. A positive correlation between the formation of siloxane bridges and the larger saturated refractive index change is observed with aerobic atmospheres. Conversely, the suppression of siloxane bridge formation in preference to increased terminating species development (e.g. hydrides) is correlated with a reduction in photo-induced refractive index change under anaerobic conditions. The effect of annealing on the intrinsic absorption structure of the films was also investigated in order to examine the impact of thermal history on the development of photosensitive refractive-index structures. Figure 7 , below shows the optical absorbance observed after various isochronal thermal treatments in as-deposited PMPS. After an initial enhancement in the Si-backbone absorption peak height (for T≤200 ˚C), a dramatic decrease in absorption strength over the full wavelength range examined is observed as the temperature is increased.
Regardless of local atmospheric composition, it is clear that the development of a photoinduced refractive index change first involves the disruption of the Si-Si backbone structure in PMPS (and other polysilylenes) . To first order, then, an indicator of latent photosensitive response in these materials can be obtained by examining the associated peak height for the lowest energy σ−σ* transition, i.e. a larger peak implies more bleachable absorption and a greater photoinduced index change (for the same atmospheric conditions). In this context, the dramatic reduction over a broad wavelength range of the optical absorption with thermal treatment at temperatures > 200 ˚C not only implies that the material structure is degrading but, from a technological standpoint, that the propensity for a photosensitive response is being reduced. A full time-temperature study, coupled with vibrational spectroscopy of the material, would provide additional detail regarding the material stability in terms of its photo-response; this is currently under investigation. Of additional interest is the enhancement of the σ−σ* transition peak in PMPS after thermal treatment temperatures between 40 < T < 200 ˚C. It is reasonable to postulate that this enhancement can be associated with structural rearrangement (or annealing) of the spin-cast film. Even after the standard hot-plate treatment (155 ˚C for 10 minutes) subsequent to spinning, the films retain some fraction of metastable backbone conformations (i.e. departing from the anticipated trans-planar backbone arrangement). Subsequent heating, however, provides additional time and energy to allow portions of the material structure to achieve a more energetically favorable configuration, producing an increased contribution to the absorption transition strength associated with the increased fraction of backbone substituents in the lower energy conformation.
CONCLUSIONS
The application of photosensitive materials into rapidly configurable device strategies imposes unique constraints on the optical performance of such materials. In this case, the necessity for compact, robust packaging makes photosensitive device patterning using large table-top lasers unfeasible. In our work we have investigated a novel class of photosensitive hybrid materials in an effort to engineer films with high photosensitivity that are optically patternable using compact, long-wavelength, UV sources. Our data indicate that hybrid materials, with photoscissionable backbone and sidegroup moieties, can provide opportunities for the development of in-situ patterning of planar architectures. With short wavelength exposure, these materials exhibit some of the highest photoinduced refractive index changes reported to date. At longer wavelengths, compatible with the shortest currently available LED sources, large refractive index perturbations are attainable with relatively low-energydensity exposures. Investigation of atmospheric effects on photosensitivity confirm that the photoinduced absorption and refraction changes are greatly enhanced in aerobic environments, and thermal history studies confirm the importance of optimizing the chemical conformation of the material prior to optical irradiation.
